INTRODUCTION
============

Chronic kidney disease (CKD) is defined by a reduced glomerular filtration rate (GFR) and/or the presence of pathological damage or markers of kidney damage such as proteinuria or hematuria for more than 3 months ([@B1]). End-stage renal disease (ESRD) is the final stage of CKD in which the kidneys no longer function well enough to meet the needs of daily life. Therefore, patients with ESRD need renal replacement therapies (RRTs) such as hemodialysis (HD), peritoneal dialysis (PD), or kidney transplantation. ([@B1]). A progressive loss of kidney function causes complications in all bodily organs and affects the cardiovascular, neuromuscular, hematologic, endocrinologic, and immunologic systems through the retention of uremic toxins ([@B1]).

From the immunologic perspective, ESRD is characterized by disorders of both the innate and adaptive immune systems. That is, the functions of polymorphonuclear leukocytes, monocytes, macrophages, APCs, and lymphocytes in maintaining an efficient immune response are affected by multiple causes including increased oxidative stress and inflammation, priming of leukocytes, accumulation of uremic toxins, increased apoptosis of immune cells, disturbed renal metabolic effects, and dialysis-related factors (e.g., interactions between the blood and dialysis equipment, the presence of endotoxins in the water used for dialysis, access-related infections, and PD solutions with a high glucose concentration, low pH, or the presence of glucose degradation products represent chronic stimuli for the inflammatory response ([@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10]). These abnormalities of immune cells lead to an increased propensity to infection, a diminished response to vaccination, a decreased production of antibodies in response to specific stimuli by B cells, and an impaired cell-mediated immunity ([@B8][@B9][@B10]). Furthermore, it has been reported that dysfunctions of the immune system are associated with a high prevalence of cardiovascular disease and mortality in patients with ESRD ([@B1]). Among these various immunological disorders in patients with ESRD, the inappropriate production of protective antibodies in response to vaccination implies that an alteration in the function of APCs and/or lymphocytes might contribute to the immune dysfunction in patients with ESRD. Although T-cell functions have been considered as essential factors underlying the impaired cellular immunity in patients with ESRD ([@B7][@B11]), several recent studies have shown that the immune defect in patients with ESRD may also be caused by the dysfunction of APCs, including dendritic cells (DCs). For example, an impaired T-cell activity may be restored in the presence of DCs from healthy donors ([@B12]). In addition, stimulation with phytohaemagglutinin together with phorbol myristate acetate, which is a potent mitogen for human T cells, results in a similarly high level of T-cell proliferation for both patients with CKD and healthy controls ([@B13]). Moreover, the serological response to strong antigenic stimuli such as cytomegalovirus is not affected in these patients ([@B14]). All these data suggest that a functional defect of DCs is one of the key contributors to the immunodeficiency in patients with ESRD and adequate responses can be achieved in these patients when their DCs are optimally stimulated.

DCs are professional APCs that coordinate both the innate and adaptive immune systems ([@B15][@B16]), and alterations in the number and function of DCs have been established in patients with ESRD ([@B3][@B17][@B18][@B19][@B20]). Several studies over the past decade have demonstrated abnormal DC function in these patients. However, the detailed mechanisms have not been fully elucidated. In this review, we describe the effects of ESRD on the number and function of DCs and suggest how to improve the immune disturbance in patients with ESRD by optimally activating DCs.

SOURCES AND FUNCTIONS OF DCs
============================

DCs are the major APCs that bridge the innate and adaptive immune responses by inducing naïve T-cell responses to captured foreign Ags, and several sources of DCs have been identified: Langerhans cells within the skin, monocytes that can differentiate into DCs (monocyte-derived DCs), and immature DCs within the circulation ([@B15][@B16]). DCs can be activated directly via pathogen recognition receptors such as TLRs or indirectly through exposure to specific cytokines. After sensing a foreign Ag via pathogen recognition receptors and then capturing and processing it, DCs undergo maturation, resulting in the secretion of inflammatory cytokines such as IL-12 and IFN, and the upregulation of costimulatory molecules such as CD80 and CD86. After undergoing maturation, DCs migrate to secondary lymphoid tissues where they present processed Ag/peptide coupled to MHCs, which allows for the selection and expansion of Ag-specific CD4^+^ Th cells ([@B15][@B16]).

The subsets of circulating DC precursors include precursor myeloid DCs and precursor plasmacytoid DCs ([@B21][@B22][@B23]). These cells express complementary sets of TLRs and respond to different pathogen-associated molecular patterns by upregulating CCR7 expression and producing distinct combinations of cytokines. Myeloid DCs express most TLRs, except for TLR7 and TLR9, and drive a potent Th1-polarized immune response to LPS, which is a TLR4 agonist, through the increased production of IL-12. By contrast, plasmacytoid DCs constitutively express intracellular TLR7 and TLR9, and play an important role in antiviral immunity by producing large amounts of type I-IFNs such as IFN-α ([@B24]).

ABNORMALITIES OF DCs IN PA TIENTS WITH ESRD
===========================================

Number of DCs
-------------

Several earlier studies have shown significant reductions in the number of circulating DCs in patients with ESRD compared with that in healthy controls ([@B3][@B17][@B18][@B25]). Verkade et al. reported that the number of circulating DCs was reduced by 50%, on average, in patients with ESRD on HD compared with that in healthy controls ([@B3]). In a study by Hesselink et al., the authors detected a decrease in the number of circulating DCs in patients with ESRD on either HD or PD, compared with that in healthy volunteers ([@B17]). They also revealed that patients on HD had lower myeloid DC counts than patients on PD, patients not receiving RRT, or controls. Similar results were obtained that showed decreased relative numbers of DC precursors in patients with CKD, including those on either HD or PD ([@B18]). Moreover, Agrawal et al. found that the plasmacytoid and total DC counts of patients with ESRD on HD were significantly lower than those of controls. The reduction in the number of plasmacytoid DCs was more striking than that of myeloid DCs, and both DC counts declined further after HD ([@B25]).

A reduction in the number of circulating DCs has also been reported in patients with CKD not receiving RRT. The two studies mentioned above both reported that the circulating DC counts in patients with CKD who were not undergoing RRT were lower compared with those of healthy controls ([@B17][@B18]). However, there were some differences between the two studies. The study by Hesselink et al. found a lower number of plasmacytoid DCs in patients with CKD than in normal controls, but there was no difference in the myeloid DC count between patients with CKD and controls. In addition, the plasmacytoid DC count, but not the myeloid DC count, was correlated with the GFR in the CKD group who were not receiving RRT. However, Lim et al. showed that the numbers of both plasmacytoid and myeloid DC precursors from patients with CKD were significantly lower than those of healthy controls. The association between GFR and the counts of myeloid DC precursors, but not those of plasmacytoid DC precursors, was statistically significant. A recent study by Paul et al. reported that, compared with healthy controls, patients with CKD 3 showed significantly decreased numbers of circulating myeloid DC precursors (−29%), plasmacytoid DC precursors (−43%), and total DC precursors (−38%) (all p\<0.001). Furthermore, the counts of myeloid (r=0.33), plasmacytoid (r=0.38), and total DC precursors (r=0.41) were positively associated with the estimated GFR (all p\<0.001) ([@B26]). Taken together, all these data indicate that renal dysfunction has a negative effect on either some or all populations of DCs in patients with CKD, including those on HD or PD and those in predialysis.

Although the precise mechanism of the decreased number of DCs in patients with ESRD is unclear, some possible mechanisms have been proposed. First, the retention of uremic toxins may shorten the lifespan of DCs. Indeed, Lim et al. found that uremic serum induces increases in the apoptosis and necrosis of monocyte-derived DCs ([@B20]). A second hypothesis states that the reduction of DCs in patients with ESRD may be caused by their diminished production despite elevated levels of GM-CSF, which is a DC-mobilizing cytokine ([@B18][@B27]). Third, an increased recruitment and elevated turnover of circulating DCs in chronically inflamed tissues throughout the body, including the vessel wall, may reduce the number of DCs. For instance, some studies have reported that the recruitment of myeloid DCs from the blood into the vascular intima is induced by several pro-atherogenic factors that also suppress the recirculation of myeloid DCs from the vessel wall into the blood in coronary heart diseases ([@B28][@B29][@B30][@B31]). Because advanced CKD is characterized by a chronic inflammatory state and accompanied by an increased prevalence of atherosclerosis, this may lead to a reduction in the number of circulating DCs owing to their sequestration in the atherosclerotic vessel wall. Alternatively, the number of DCs in patients with ESRD on HD could be caused by losses of DCs incurred by the HD procedure. Indeed, some data have indicated that the migration of DCs into tissues or their accumulation in the dialysis equipment and tubing may cause reduced DC counts ([@B3][@B25]).

Functional abnormalities of DCs
-------------------------------

It has been reported that while the primary immunostimulatory signal determines the Ag specificity of a cellular immune reaction, the secondary signal induced by costimulatory molecules on DCs is a critical regulator of T-cell differentiation and the resulting immune response ([@B32]). In the absence of costimulatory molecules such as CD80 and CD86, T cells become anergic to the presented Ag ([@B33]). Immature monocyte-derived DCs can subsequently undergo maturation after treatment with agents such as LPS, CD40 ligand, or a cytokine cocktail ([@B13][@B19][@B34]). Thus, the decreased Ag-specific T-cell proliferation using immature monocyte-derived DCs from patients may be interpreted as a functional consequence of the suboptimal expression of costimulatory molecules.

Several studies have shown that cultured monocyte-derived DCs from patients with ESRD on HD are less able to stimulate T cells than those from healthy controls, owing to a decreased expression of the pivotal costimulatory molecules ([@B13][@B19][@B20]). Verkade et al. revealed that the expression of MHC class I and II, CD83, CD86, and CCR7 was significantly lower on mature monocyte-derived DCs from patients on HD in comparison with that in controls ([@B13]). Additionally, Lim et al. showed that uremic LPS-stimulated monocyte-derived DCs cultured in control medium or autologous uremic medium demonstrated reduced endocytosis and a decreased expression of costimulatory molecules (CD40, CD80, and CD86) and maturation markers (CD83) compared with those of normal monocyte-derived DCs cultured in control medium. These findings indicated that the terminal differentiation of monocyte-derived DCs (i.e., the transition from an immature to a mature stage) in patients with ESRD on HD was impaired ([@B20]). Concordantly with the above data, the terminal differentiation of monocyte-derived DCs was impaired in patients with CKD stage IV to V who were not undergoing RRT ([@B13]). Similar results have been obtained for circulating myeloid and plasmacytoid DC precursors directly isolated from patients with ESRD on HD. Lim et al. reported that the expression of surface costimulatory molecules (CD40, CD80, and CD86), IL-12p70 production following LPS stimulation, and IFN-α production following HSV stimulation were impaired in those cells as compared with those in DCs isolated from healthy controls ([@B18]). Moreover, some clinical findings have also supported the presence of a DC dysfunction in patients with ESRD, showing that the expression of DC-related cell surface molecules (CD83, CD86, and CCR) was significantly lower on mature monocyte-derived DCs from both hepatitis B virus (HBV) vaccination responders and non-responders compared with that on DCs from healthy controls ([@B13]). Additionally, mature monocyte-derived DCs from non-responders to HBV vaccination had a less mature phenotype than DCs from responders and healthy volunteers ([@B13]). All these data suggest that the terminal differentiation and maturation capacities of DCs are negatively affected in patients with ESRD, which may cause an immune dysfunction in these patients. However, a few studies found no significant difference in the expression levels of costimulatory molecules on DCs ([@B25][@B34]). Agrawal et al. observed that the magnitude of the LPS-induced upregulation of CD86 on circulating DCs isolated from patients on HD did not differ from that of controls, although their expression of MHC class II and an activation marker were significantly reduced ([@B25]). In addition, another recent study showed that the cell surface expression of MHC class II, CD83, CD86, and CCR7 on monocyte-derived DCs did not differ between patients on HD and healthy controls. Furthermore, mature monocyte-derived DCs from patients on HD showed significantly enhanced allogeneic T-cell proliferation compared with those from healthy controls ([@B34]). The exact reasons for the discrepancies among studies regarding the expression of costimulatory and maturation markers by DCs upon stimulation are unclear. As previously suggested, multiple factors including differences in the kinds of stimulation, the concentrations of the cytokines used for stimulation, the degrees of mismatch in MHC typing between DC and T cell donors, and the ethnic backgrounds or age groups of enrolled subjects might be responsible for those heterogeneous results ([@B34]). In addition, most of the studies that have examined the number and function of DCs have used circulating DCs or monocyte-derived DCs from peripheral blood samples. Because DCs are present in nearly all bodily tissues and form a dense network ([@B18][@B25][@B35]), the results for DCs from the peripheral tissues of patients with ESRD may differ from those for circulating or monocyte-derived DCs.

Etiology of DC dysfunction
--------------------------

Although most of the results from experimental studies and clinical findings have suggested that the effects of ESRD on DCs are deleterious in terms of both their number and function, the precise reasons for the alteration of DC function in ESRD are unclear. However, some studies have suggested plausible explanations.

First, uremia is a likely candidate for causing altered DC function. In support of this notion, Lim et al. demonstrated that when monocyte-derived DCs from healthy controls were cultured in the presence of either normal or uremic sera, they exhibited decreased endocytosis and a reduced cell-surface expression of costimulatory markers (CD40, CD80, and CD86) and a maturation marker (CD83) only when cultured with uremic sera ([@B20][@B36]). However, the same study found no significant improvement in the functions of monocyte-derived DCs from patients on HD when they were cultured in control media, as compared to DCs from the same source that were cultured in autologous uremic media. These observations indicate that although a uremic milieu has a negative impact on DC functions, there is a likelihood of an underlying intrinsic functional defect of monocyte-derived DCs in patients on HD.

Second, alterations of TLRs may be a cause of DC dysfunction in patients with ESRD. TLRs play a pivotal role in pathogen recognition and subsequent cytokine synthesis, and they are key regulators of DC function and maturation ([@B37]). That is, DCs can be activated directly via TLRs, which regulate the expression of costimulatory molecules on DCs. Therefore, it is possible that an impaired function of TLRs is associated with the impaired function of DCs. Indeed, TLR4 expression on monocytes was shown to be constitutively diminished in patients with CKD stage III to IV ([@B38]), or stage V not on RRT, especially in subjects who are predisposed to infections, and diminished TLR4 expression has been associated with a reduced synthesis of tumor necrosis factor-α, IL-1β, IL-6, and IL-8 in response to LPS challenge compared with those from control subjects ([@B39]). Similar results have been observed in patients on HD, suggesting that, apart from uremia, endotoxins contained in the dialysate might eventually lead to a decrease in TLR4 expression by continuously stimulating DCs, causing a diminished ability to respond to LPS ([@B38][@B40]). Conversely, an increased expression of TLR2 and TLR4 on monocytes from patients on HD has also been reported ([@B41]). The underlying mechanisms of this altered TLR4 expression in patients with ESRD are unknown. However, it is possible that differences among the models of dialysis equipment used for HD might result in these heterogeneous results. Moreover, the above studies evaluated the effect of renal dysfunction on the monocytes, rather than DCs, isolated from patients with CKD. Thus, the results obtained for monocytes may differ from those for DCs.

Third, hyperparathyroidism may bring about a DC dysfunction in patients with ESRD. Several previous studies have found that parathyroid hormone receptors exist on most immunologic cells, including neutrophils, B cells, and T cells, and a chronic excessive level of parathyroid hormone, as in uremia, affects the functions of neutrophil, B cells, and T cells via the sustained elevation of their intracellular calcium concentration ([@B42]). However, no study has reported on the expression of parathyroid hormone receptor on APCs including DCs; therefore, this needs to be elucidated.

MODULATION OF DC FUNCTION IN PATIENTS WITH ESRD
===============================================

As indicated above, dysfunctional Ag presentation by DCs can be a major cause of immune dysfunction in patients with ESRD, and recent studies on basic immunology have determined that early innate immune signals can shape subsequent adaptive responses ([@B43]). Thus, various attempts to overcome the immune dysfunction in patients with ESRD by stimulating DCs have been carried out by several researchers ([Fig. 1](#F1){ref-type="fig"}).

Efficient dialysis
------------------

Since it has been clear that the effects of uremia on DCs are detrimental ([@B20][@B36]), several therapeutic interventions have been proposed to prevent or at least limit uremiarelated cellular and/or biological alterations of immunologic cells, such as the use of biocompatible HD membranes and the introduction of hemofiltration ([@B44][@B45][@B46][@B47]). In addition, it has been suggested that improving HD clearance using a highly efficient dialyzer has the potential to improve the immunologic dysfunction in patients with ESRD. A previous study showed that uremic toxins of varying m.w. (low, medium, and high m.w.) contained in the sera of patients on HD inhibited the functions of normal myeloid and plasmacytoid DCs. Improving the clearance of low-m.w. uremic toxins via the use of a more efficient dialysis membrane improved myeloid DC function, as indicated by the DCs displaying an appropriate expression of costimulatory molecules, CD83, and allogeneic T-cell proliferation, although this did not alter plasmacytoid DC function ([@B36]). In addition, a preliminary retrospective analysis found that a prolonged treatment duration is associated with a normalization of the defective expression of CD86 via increased HD adequacy ([@B11]).

The effects of the removal of medium- or high-m.w. molecules on DC function in these patients have not been determined, especially at the molecular level. Medium- and high-m.w. uremic toxins also inhibit the function of DCs ([@B36]). Emerging evidence from other studies suggests that the failure of conventional HD to remove medium-sized molecules may contribute to an exacerbated inflammatory state and consequently cause impaired immune responses ([@B10]). Thus, it has been suggested that using high-flux membranes or introducing hemodiafiltration may lead to further improvements in the function of DCs in patients on HD, because both of those methods can efficiently remove medium-m.w. uremic toxins through convection ([@B48][@B49]). In accordance with this suggestion, a study of 1480 patients on HD showed that the rate of seroconversion to HBV vaccine was significantly higher in patients receiving HD with high-flux membranes than in patients receiving HD with low-flux membranes, and HBV surface Ab titers were higher in the group on HD with high-flux membranes ([@B50]). Hence, the authors suggested that HD with high-flux membranes can improve patients\' responses to HBV vaccine, although they did not evaluate whether those beneficial effects are caused by an improvement of DC function through the removal of medium-m.w. uremic toxins. In addition, a recent study by Rama et al. showed that switching from conventional HD to the on-line hemodiafiltration technique led to a reduction in the circulating concentration of pro-inflammatory cytokines, suggesting that this therapeutic modality could inhibit the immuno-inflammatory state in patients on HD ([@B47]). Taken together, although DC function can be enhanced by efficient HD, its clinical impact has not been fully examined, and there are only a few data about the roles of high-flux membranes or hemodiafiltration on DC functions. Therefore, further studies are needed to evaluate the effects of HD with high-flux membranes and hemodiafiltration on DC functions.

Erythropoietin (EPO)
--------------------

Although EPO, which is produced by the kidney in response to hypoxia, mainly regulates the survival, proliferation, and differentiation of erythroid progenitor cells, accumulating data suggest that EPO has pleiotropic activities including the immunopotentiation of both the cell-mediated and humoral immune responses ([@B51]). These findings have been supported by the demonstration of EPO receptors on various non-erythropoietic (non-hematopoietic) cells and tissues including DCs ([@B52][@B53][@B54]). In addition, most patients with ESRD have anemia that is mainly caused by EPO deficiency ([@B55]). Thus, several studies have suggested that EPO deficiency is a causative factor of immune dysfunction, and EPO replacement may improve the impaired immune responses of patients with ESRD. Prutchi-Sagiv et al. reported that EPO treatment increased the numbers of peripheral blood DCs and monocyte-derived DCs isolated from healthy volunteers ([@B56]). The EPO treatment of monocyte-derived DCs was also found to be associated with an increased cell surface expression of CD80, CD86, and MHC class II, increased Ag uptake, and elevated IL-12 secretion compared with those of untreated DCs ([@B56]). Similar results were also observed in an animal experiment using transgenic mice overexpressing human EPO, which had more numerous DC populations with a higher cell surface expression of CD80 and CD86 ([@B57]). In another animal study using mice, which was carried out by Rocchetta et al., the authors showed that DCs treated with EPO followed by LPS acquired a stronger allostimulatory activity than EPO-treated or LPS-treated DCs alone through the upregulation of TLR4 in differentiating DCs, which subsequently rendered them more sensitive to stimulation by LPS ([@B54]). Conversely, the opposite results were reported by Cravedi et al., who did not detect EPO receptor expression on *in vitro*-generated monocyte-derived DCs from healthy donors after maturation with LPS, and the expression levels of MHC class II, CD40, CD80, and CD86 on the DCs were similar regardless of EPO treatment ([@B58]).

From the clinical perspective, it has been reported that EPO improves the response to vaccinations such as HBV in patients with ESRD ([@B59][@B60][@B61]). Similar results were found in an experimental study using mice, which showed that EPO-treated mice had an enhanced immune response to the clinically-relevant HBV surface Ag ([@B62]). Oster et al. also reported that EPO treatment is associated with an improved immune response to influenza vaccine in hematologic patients, with titers similar to those of healthy subjects, although they did not examine the renal function of the patients ([@B63]). However, a meta-analysis of 11 studies failed to detect any benefit of EPO treatment regarding the response to HBV vaccine ([@B64]). Therefore, the role of EPO treatment in improving the function of DCs and their responsiveness to HBV vaccine remains to be elucidated. However, most of the studies on this topic have used monocyte-derived DCs isolated from healthy volunteers, rather than patients with ESRD, and bone marrow-derived DCs from mice. Thus, further studies are needed to define the effect of EPO on the function of DCs isolated from patients with ESRD.

Vaccine adjuvants
-----------------

Whereas vaccination against HBV is recommended for all patients with CKD ([@B65]), several previous studies have shown that a considerable proportion of these patients develop inefficient immune protection following standard vaccination procedures ([@B66][@B67]). Consequently, the addition of some immune modulators as vaccine adjuvants have been adopted to enhance the efficacy of HBV vaccination in patients on HD, because most of these adjuvants exert their effects, at least in part, by activating DCs ([@B43]).

### GM-CSF

It was shown that the *in vitro* exposure of human monocytes to GM-CSF for 24 to 48 h upregulated the expression of the costimulatory molecules CD86 and CD40 as well as MHC class II ([@B68]). Verkade et al. also revealed that monocytes treated with GM-CSF exhibited an increased expression of MHC class II, CD54, and CD40, but their expression of CD86 was unchanged. Moreover, they showed that after GM-CSF treatment, DCs virtually disappeared from the circulation, suggesting that DCs leave the peripheral blood and most likely enter the lymphoid tissues ([@B3]). In addition, a few studies using mice have shown that GM-CSF administration increased the number of splenic DCs ([@B69][@B70]).

Based on the above findings, some clinical reports have revealed that GM-CSF can be useful as an adjuvant to HBV vaccination in patients with ESRD. Kapoor et al. showed that GM-CSF is a safe vaccine adjuvant that can stimulate an earlier and stronger Ab response to HBV vaccination in patients on HD ([@B71]). Similar results were reported showing that most patients developed a protective Ab response to HBV after two booster vaccinations with GM-CSF ([@B3]). Moreover, two meta-analyses of 7 studies (187 patients) and 13 studies (734 patients) showed a significantly increased vaccination response rate for patients with CKD who were treated with GM-CSF plus HBV vaccine vs. those who were treated with HBV vaccine alone ([@B72][@B73]), suggesting that GM-CSF can be administered with HBV vaccine to improve the immunologic response in patients with CKD via the activation of DCs.

### Levamisole

Levamisole, a synthetic phenylimidazolthiazole with an antihelminthic effect, has been reported to stimulate depressed T-cell activity and enhance the production of antibodies by B cells ([@B74][@B75]). In addition, Chen et al. demonstrated that the treatment of monocyte-derived DCs from healthy donors with levamisole increased the presentation of CD80, CD86, CD83 and MHC class II molecules on the cell membrane and the production of IL-12 p40. Furthermore, neutralization with antibodies against TLR2 inhibited the levamisole-induced production of IL-12 p40, suggesting that TLR2 has a vital role in mediating the stimulation of DCs by levamisole ([@B76]). Similar results were found in an experimental study using mice, which showed that levamisole treatment promoted the expression of the DC activation markers CD86 and MHC class II ([@B77]).

Based on these molecular mechanisms, several clinical studies have shown that when administered together with certain vaccines such as HBV and tetanus-diphtheria, levamisole can improve seroprotection in patients with ESRD on HD ([@B78][@B79][@B80][@B81]), whereas a few other studies did not show a beneficial effect ([@B82][@B83]). Moreover, a meta-analysis of four studies (328 patients) showed that the oral administration of levamisole at a dose of 80\~120 mg for 4\~6 months significantly increased seroconversion after HBV vaccination ([@B75]). These observations suggest that levamisole could significantly improve the response rates of patients on HD to several vaccines through, at least in part, activating DCs.

### HB-AS04 and HB-AS02

The vaccines HB-AS04 and HB-AS04 contain recombinant HBV surface Ag formulated with monophosphoryl lipid (MPL), which is a purified and detoxified derivative of the LPS from the bacterial wall of *Salmonella minnesota* ([@B84]). MPL-stimulated APCs express increased levels of costimulatory molecules and secrete cytokines, inducing strong humoral or cellular responses depending on the Ag considered ([@B85][@B86]). Thus, these vaccines can trigger the TLR4 signaling of APCs including DCs, shaping a more effective subsequent adaptive immune response ([@B87]).

Clinical observations have shown that in patients with ESRD who are either pre-HD or undergoing HD, compared to four double-doses of a standard recombinant HBV surface Ag vaccine, the HBV-AS04 vaccine provided a faster response and a higher initial response rate (78% vs. 51%). Additionally, the decline in seroprotection over time was significantly delayed in the HBV-AS04 group, and significantly fewer primed patients required a booster dose during follow-up to 42 months ([@B88][@B89]). Surquin et al. reported that compared to four doses of HB-AS04 vaccine, three doses of HB-AS02 vaccine at 0, 1, and 6 months induced a more rapid seroprotection and a higher HBV Ab concentration in patients who were pre-dialysis or undergoing HD or PD ([@B90]). All these results indicate that TLR4 activation by vaccine adjuvants such as MPL may improve the function of DCs in patients with ESRD.

CONCLUSIONS
===========

ESRD-related immune dysfunction is complex and diverse. In this review, we summarized multiple studies demonstrating that patients with ESRD show profound alterations in the number and function of DCs. Based on the accumulated evidence, we suggest that DC dysfunction is one of the major causes of the immunologic disturbance in patients with ESRD. Over the past decades, various research groups have explored ways to stimulate DCs, such as high efficiency dialysis, the use of EPO, and administering vaccine adjuvants such as GM-CSF and levamisole. However, the results to date are incomplete and inconsistent. Thus, the further investigation of DC immunobiology in patients with ESRD may help clinicians to understand the complications related to impaired immunity in these patients, such as a frequent incidence of infection or malignancy and a high rate of mortality.
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